Possible future changes in the elevation dependency of summertime precipitation over the Tibetan Plateau and the surrounding regions are investigated in time-slice ensemble experiments using a 60-km-mesh atmospheric general circulation model (AGCM). Four di¤erent lower boundary conditions in future climate simulations are synthesized based on World Climate Research Program/Coupled Model Intercomparison Project Phase-3 (WCRP/ CMIP3) multi-model datasets. Simulated summer-time precipitation pattern in the present-day climate is compared with the observation based on rain-gauge-based gridded precipitation datasets. Precipitation is projected to increase in future climate simulations at high (above 4000 m) and low (1500 m or less) altitudes. These projected increases become more prominent with warmer prescribed global mean sea surface temperatures. Analysis of the elevation dependency of the atmospheric water budget indicates that projected future precipitation increases at high altitudes are caused by increases of evaporation from the surface of the Tibetan Plateau. These increases in surface evaporation are accompanied by increases in surface air temperature and snow-free area at high altitudes, suggesting that the snow/ice albedo feedback is a key component of future climate change over the Tibetan Plateau.
Introduction
Water is essential to life on Earth, and is indispensable to human activities such as agriculture and industry. Many of the sources of water used by humans, such as rivers, ground water, and lakes, are fed by precipitation (i.e., rainfall and/or snowfall) over mountainous regions. The global mean surface air temperature has been rising for the last 100 years, with greater warming during the second half of the twentieth century than during the first half (IPCC 2007) . Temperatures throughout the troposphere have also been rising (IPCC 2007) . These increases in temperature are driving changes in the dominant type of precipitation in some regions and for some seasons. Snow-covered areas at high latitudes in the Northern Hemisphere have been decreasing in all seasons, especially in boreal spring and summer (IPCC 2007) . In some regions, snowfall amounts have increased even as the length of the snowfall period has decreased. Reductions in the snowfall period have substantial impacts on river flows: the annual maximum river flows occur earlier in the year because snowmelt begins earlier. These changes create challenges, especially for agriculture, as they make it more difficult to meet water demands at key times of the year.
The water usage demands of people who live in arid or semi-arid regions depend largely on rivers whose headwater regions are located far from where they live. The Tibetan Plateau and the mountainous regions that surround it contain the headwaters of a number of large rivers (e.g., Yellow, Yangtze, Red, Mekong, Brahmaputra, Ganges, In-dus, Tarim, Amudar'ya, and Syrdar'ya), and more than half of the Earth's population lives in the catchments of these rivers. The Tibetan Plateau also substantially influences the global atmospheric circulation through dynamical and thermodynamical e¤ects (e.g., Cui and Graf 2009) .
Previous studies on climate change over the Tibetan Plateau have reported increases in air temperature and precipitation during the latter half of the twentieth century (Liu and Chen 2000; Niu et al. 2004; Zhang et al. 2004; Qin et al. 2006) . However, surface meteorological stations are concentrated on the southeastern portion of the plateau, meaning there is limited information on climate change over the remainder of the plateau. Using data from surface meteorological stations on the Tibetan Plateau to validate European Centre for Medium-Range Forecasts reanalysis (ERA-40) temperatures on the plateau, Frauenfeld et al. (2005) suggested that the significant increasing trend in temperature might reflect the influences of extensive land-use changes and industrialization on the plateau during the latter half of the twentieth century. The amount of area covered by forests in the eastern and southern portions of the plateau decreased during the second half of the twentieth century. Cui et al. (2007) demonstrated the impact of this deforestation on climate, both on the plateau and in the Asian monsoon region.
Precipitation over mountainous regions is indispensable to human activities; future precipitation changes in these regions will likely a¤ect sustaining water availability (Immerzeel et al. 2010) . However, climate change is unlikely to be uniform over mountainous regions and may vary with altitude. Analyzing the elevation dependency of future changes in precipitation would enable us to examine the characteristics of future climate change that are common to mountain ranges.
Previous studies on the elevation dependency of precipitation have focused on relatively small spatial scales (e.g., for Japan: Sasaki and Kurihara 2008; for the UK: Brunsdon et al. 2001; for Switzerland: Sevruk 1997 ; for the Czech Republic: Sokol and Bližň ák 2009; for Greece: Gouvas et al. 2009 ; for northern Thailand: Kuraji et al. 2009 ; for the west coast of India: Suprit and Shankar 2008) , as have previous studies on future changes in the elevation dependency of precipitation (e.g., for the Alpine region: Giorgi et al. 1997 ; for the southern Korean Peninsula: Im and Ahn 2011). To date, no studies have focused on the elevation dependency of precipitation in the Asian monsoon region, including the Tibetan Plateau and surrounding mountainous regions.
This study aims to examine changes in the elevation dependency of summertime precipitation over the Tibetan Plateau and surrounding areas under a warmer climate using high-resolution climate model simulations, as well as to better clarify mechanisms of climate change in mountainous regions. To this end, we performed time-slice ensemble simulations using a 60-km-mesh version of the MRI-AGCM3.1 (Kitoh et al. 2009 ).
The remainder of this manuscript is organized as follows. Section 2 briefly describes the climate model and experimental design. Section 3 defines the analysis region used in this study (the Tibetan Plateau and surrounding areas) and describes the spatial characteristics of the topography. Section 4 discusses projections of future changes in the elevation dependency of summertime precipitation over the analysis region and the mechanisms behind these projected changes. Finally, Section 5 summarizes the main results of the study and provides concluding remarks.
Model and experimental design

Model description
The atmospheric general circulation model (AGCM) used to conduct the time-slice ensemble simulations is the MRI-AGCM3.1H (Kitoh et al. 2009 ). The MRI-AGCM3.1H has been jointly developed by the Meteorological Research Institute (MRI) and the Japan Meteorological Agency (JMA), and is described in detail by Mizuta et al. (2006) . The AGCM is identical to the models used by Matsueda et al. (2009) , Murakami and Wang (2010) , Murakami et al. (2011) , and Kusunoki et al. (2011) , except for the horizontal resolution. The simulations were performed at triangular truncation 319 with a linear Gaussian grid (T L 319) in the horizontal, corresponding to 640 grids in longitude and 320 grids in latitude (60 km grid size at the Equator). The model uses 60 vertical levels with the model top at 0.1 hPa (approximately 65 km altitude). The MRI-AGCM3.1 includes a prognostic Arakawa-Schubert cumulus convection scheme (Randall and Pan 1993) , a prognostic cloud scheme (Smith 1990 ), a level-2 turbulence closure scheme for vertical turbulent di¤usion (Mellor and Yamada 1974) , a multi-parameter random model for terrestrial radiation (Shibata and Aoki 1989) , a delta-two-stream approximation scheme for solar radiation (Shibata and Uchiyama 1992) , an orographic gravity wave drag scheme (Iwasaki et al. 1989) , and a Simple Biosphere (SiB) land surface model (Sellers et al. 1986; Sato et al. 1989 ).
Boundary conditions and ensemble simulations
The present-day climate simulation was conducted by prescribing observed sea surface temperature (SST) and sea ice concentration (SIC) for 1979 through 2003 (HadISST1; Rayner et al. 2003) . The annual mean concentrations of greenhouse gases (CO 2 , CH 4 , and N 2 O) were derived from observed values. The climatological monthly mean values of aerosol concentrations were specified by calculations using a global chemical transport model (Tanaka et al. 2003) .
The future climate simulation was performed using a time-slice method (Bengtsson et al. 1996) for the last quarter of the 21st century. Future SST and SIC were synthesized according to the method described by Mizuta et al. (2008) . The prescribed SST for the future climate simulation represents a combination of (1) the multi-model mean trend in SST projected by the World Climate Research Program/Coupled Model Intercomparison Project Phase-3 (WCRP/CMIP3) contributing models, (2) future changes in SST projected by di¤erences between twentieth century simulations (20C3M) and future simulations under the Special Report on Emission Scenario (SRES) A1B emission scenario (IPCC 2007) , and (3) detrended observed SST anomalies for 1979 through 2003. The prescribed future distribution of sea ice was derived similarly. The same method was used to prescribe aerosol concentrations in the future simulation as in the present-day simulation.
The trend and future anomalies of SST and SIC in the multi-model ensemble (MME), CSIROMk3.0, MRI-CGCM2.3.2, and MIROC3.2(hires) were used to assess uncertainties in the climate change projection. The MME includes 18 models as listed in Table 1 of Murakami and Wang (2010) . The use of MME may produce a more realistic simulated climate because of cancellations among biases in individual models. The three individual models are chosen based on the amplitudes and spatial distributions of projected SST increases to estimate the extent of uncertainties arising from di¤erent lower-boundary conditions. The projected increases in the 25-year average global annual mean SST are 2.17 C according to the MME, 1.44 C according to the CSIRO-Mk3.0, 1.72 C according to the MRI-CGCM2.3.2, and 3.52 C according to the MIROC3.2(hires). Three-member ensemble simulations were performed for each AMIP-type run and the CMIP3 SST anomaly run using di¤erent atmospheric initial conditions. Table  1 lists the experiment names, the periods of integration, and the prescribed SST and SIC. Figure 1 depicts the region analyzed in this study (65 E-130 E, 5 N-35 N) . The topography shown is based on that used in MRI-AGCM3.1H. The topography in the target region is characterized by highlands mainly dominated by the Tibetan Plateau and some mountain ranges, which act as a barrier to the monsoon flow, which is mainly southwesterly during boreal summer and mainly northeasterly during boreal winter. The 60-km horizontal resolution of the MRI-AGCM3.1H is not su‰cient to resolve the fine structure of the Himalayan range; consequently, the model used in this study does not fully reproduce the barrier e¤ect that causes significant contrasts in precipitation between Table 2 lists the distribution of land area in the target region according to elevation, based on the topography data used in MRI-AGCM3.1H. The width of each bin is 500 m, except for the lowermost bin (which includes altitudes below 500 m) and the uppermost bin (which includes altitudes above 5000 m). Twenty percent of the land in the target region is located at altitudes above 2000 m, and 14% at altitudes above 4000 m, primarily upon the Tibetan Plateau.
Target region and model topography
Results
Before examining the simulated future projections, the ability of the model used in this study to reproduce the present-day distribution of precipitation in the target area was tested using six raingauge-based gridded precipitation datasets: GPCCv4_full (Schneider et al. 2008) , PREC/L (Chen et al. 2002) , CRU-TS2.1 (Mitchell and Jones 2005) , UDEL (Matsuura and Willmott 2009), CPC_UNIGLB1.0 (Chen et al. 2008) , and APHRO_MA0902 (Yatagai et al. 2009 ). All of these datasets are provided at a horizontal resolution of 0:5 Â 0:5 , which is equivalent to that of the model used in this study. The datasets cover the entire period of the present-day climate simulations (1979 through 2003) , with the exception of CRU-TS2.1, which is only available through 2002.
Observed precipitation is defined as the mean of the six rain-gauge-based datasets, and its uncertainty is defined as the standard deviation of the inter-dataset variability. This approach enables the performance of the climate model to be validated while considering uncertainties in the observed values. We use six gridded rain-gauge-based datasets rather than a single dataset to estimate quantitatively uncertainties that originate from errors in observations and spatial interpolation. Since the future climate simulations with di¤er-ent SST/SIC conditions are ensemble simulations using di¤erent initial conditions, Student's t-test (Wilks 2006 ) may be applied to test the significance of di¤erences between the present-day and future simulations with four degrees of freedom. The one-sided test statistic is 4.604 for a significance level of 99% and 2.776 for a significance level of 95%.
4.1 Spatial characteristics of June-August mean precipitation The spatial distributions of June-August (JJA) mean precipitation according to the observations and the ensemble mean of the three present-day climate simulations are presented in the left panels of Fig. 2 . The observations represent the mean of the six rain-gauge-based gridded precipitation datasets. Di¤erences among these six datasets are concentrated in areas with mountain ranges (e.g., the Himalayas and the Western Ghats). Considering variability among the rain-gauge-based gridded precipitation datasets, the present-day climate simulations reproduce the observations well; however, the precipitation peak over the south of the Tibetan Plateau is shifted southward in the simulations compared with the observations. This bias results in an underestimation of precipitation amounts over the southern slope of the Himalayan range (altitudes higher than 1500 m). This bias may arise because the 60-km horizontal resolution of the model used in this study is too coarse to resolve the topography of the southern slope of the Himalayan range, which is steep and complex. Yasunari and Inoue (1978) reported that substantial precipitation along the slope of the topography in the southern slope of the Himalayan range whose spatial scale is too small to be resolved by the model used in this study.
The regional responses of precipitation in the different future-climate simulations di¤er because the amplitudes and spatial distributions of warming in the prescribed lower-boundary conditions di¤er; however, some regions respond similarly in all of the future climate simulations. The right panels in Fig. 2 show projected future changes in JJA mean precipitation presented as the ratio of future precipitation amount to present-day precipitation amount. These projected future changes indicate significant increases in high-altitude regions (above 4000 m) such as the Tibetan Plateau. The amount of precipitation at middle altitudes (between 1500 m and 4000 m) decreases in some regions (e.g., the southern slope of the Himalayan range) but increases in others (e.g., the eastern slope of the Tibetan Plateau). The overall change at middle altitudes is unclear. Figure 3 shows the elevation dependency of JJA mean precipitation in the observations, presentday climate simulations, and future climate simulations. According to the observations, JJA mean precipitation in the target area decreases with altitude, with a secondary peak at altitudes between 3500 m and 4000 m. The uncertainty is approximately G0:5 mm d
Elevation dependency of JJA mean precipitation
À1 at all altitudes. The presentday climate simulations reproduce the observed altitude dependency of precipitation well, although simulated precipitation tends to be underestimated at altitudes of 2000 m or less and is overestimated at altitudes between 3500 m and 4500 m. This overestimation at higher altitudes may be partially attributable to underestimation in the gridded precipitation datasets.
The elevation dependency of precipitation in the target region di¤ers from other regions analyzed in previous studies. For example, Giorgi et al. (1997) used a nested regional climate model to examine the elevation dependency of climate change signals at the surface over the Alpine region, and showed that summertime precipitation increased with altitude. This di¤erence in the elevation dependency of precipitation between Giorgi et al. (1997) and this study may be related to di¤erences in the region analyzed rather than di¤erences in the model used. Such regional di¤erences will be the subject of a future study.
The elevation dependency of precipitation in the future climate is generally similar to that in the present-day climate. Precipitation is projected to increase in the future climate at all altitudes; however, the magnitude of the projected increase is not constant with altitude. The magnitude of the projected precipitation increase appears to be larger in the case of larger amplitude of warming in the prescribed SST input to the AGCM. Figure 4 shows the elevation dependency of projected future changes in JJA mean precipitation as ratios of future precipitation amounts to presentday precipitation amounts. The projected fractional future increases in JJA mean precipitation relative to the present-day climate are greater at low The upper left panel indicates the ensemble mean of the present-day climate simulations, the middle left panel indicates the mean of six rain-gauge-based gridded precipitation datasets, and the lower left panel indicates the standard deviation of the inter-dataset variability. The right panels show projected future changes expressed as the ratio of future precipitation to present-day precipitation. The unit in the left panels is mm d À1 , and the unit in the right panels is %. In the right panels, the hatched area indicates future changes that are statistically significant at the 99% confidence level. Purple lines show the 1500 m and 4000 m elevation contours.
(1500 m or less) and high (3500 m or greater) altitudes than at middle altitudes. The future precipitation increases at low and high altitudes are greater in magnitude when the amplitude of the prescribed SST warming is greater. The high altitudes in the target region are mostly occupied by the Tibetan Plateau and surrounding mountainous regions, whereas the low altitudes are distributed over broad areas, such as India and China (Fig. 1) . Middle altitudes, on the other hand, are distributed in very tightly defined regions, such as the southern side of the Himalayan range. The projected future change of the elevation dependency of precipitation at middle altitudes seems to be explained by changes over the eastern and southeastern slopes of the Tibetan Plateau (Fig. 2) . Projected future decreases in precipitation over the southern slope of the Himalayan range results in the lower statistical significance of projected future increases in precipitation at middle altitudes than those at low and high altitudes. The ratio of the land area occupied by middle altitudes to the total land area in the target region is low ( Table 2 ). The remainder of this manuscript will focus on significant increases in precipitation at high altitudes.
The elevation dependency of the atmospheric water budget is also analyzed, to explore the origin of the moisture in the future precipitation increase at high altitudes. In each grid cell, precipitation approximately balances with the sum of evaporation from the underlying surface and vertically integrated water vapor flux convergence (WFC). Prasanna and Yasunari (2011) analyzed eight CMIP3 coupled climate models and showed that the simulated climatologies and projected future changes of the atmospheric water balance over South Asia di¤er substantially among di¤erent models. The model used here produces a reasonable atmospheric water balance relative to observations, and falls within the scatter of the CMIP3 climate models analyzed by Prasanna and Yasunari (2011) . The calculation of WFC for this study is based on the con- (HF0A_csiro) lines. An open circle indicates that the simulated future change is statistically significant at the 99% level and a filled circle indicates that it is significant at the 95% level.
vergence of the vertically integrated water vapor flux derived from 6-hourly horizontal winds and specific humidity; however, precipitation (P) and evaporation (E) have been calculated as timeintegrated values. Therefore, P-E is not strictly equal to WFC. The maximum amplitude of the di¤erence between P-E and WFC in these results (Figs 5 and 6) is 0.1 mm d
À1 . This inconsistency between P-E and WFC does not impact the results of this study. Figure 5 depicts the elevation dependency of JJA mean precipitation, surface evaporation, and WFC in the present-day and future climate simulations. Moisture transport from the surface to the atmosphere is represented as positive evaporation. Precipitation at each altitude approximately balances with the sum of surface evaporation and WFC. WFC is positive at all altitudes. The contribution of surface evaporation to precipitation is greater at altitudes higher than 4500 m than at lower altitudes. This result suggests that moisture recycling is high over the Tibetan Plateau, since the highaltitude portions of the target region consist almost entirely of the Tibetan Plateau. Figure 6 shows projected future changes in the elevation dependency of JJA mean precipitation, surface evaporation, and WFC. For the purposes of the following discussion, the future changes are classified into three categories according to altitudes: low (1500 m or less), middle (between 1500 m and 4000 m), and high (above 4000 m). At low altitudes, the contributions of increases in surface evaporation and WFC to the increase in precipitation are approximately equivalent. At middle altitudes, increases in evaporation exceed the increases in precipitation, while the WFC decreases (i.e., the local outflow anomaly of moisture through the atmosphere). At high altitudes, the contributions of changes in WFC are small, and the increases in precipitation are supplied primarily by increases in local surface evaporation. Increases in local evaporation from the underlying surface drive the projected future increases in precipitation at high altitudes. The origin of these future increases in surface evaporation is now explored in further detail. Increases in surface evaporation may be related to changes in surface conditions and/or surface coverage (snow or no snow), as well as increases in surface air temperature. The time-slice ensemble experiments project warming in the atmosphere in the future climate relative to the present day. This warming includes increases in surface air temperature, which may cause changes in surface conditions and/or surface coverage. Figure 7 shows the elevation dependency of JJA mean surface air temperature in the target region according to the present-day and the future climate simulations. In the present-day climate, JJA mean surface air temperature falls with altitude to a low of 1.5 C at the highest altitude bin (above 5000 m).
In the future climate, surface air temperature increases at all altitudes, with greater increases when the amplitude of the prescribed SST increase is greater. Surface air temperature at the highest altitude bin is projected to increase to 5 C even at the lowest SST warming considered (HF0A_csiro). This result implies changes in both the type of precipitation (i.e., snowfall changes to rainfall) and the surface coverage (i.e., a reduction in the area covered by snow) at high altitudes. Figure 8 shows the elevation dependency of JJA mean snow coverage in the present-day and future climates. In the present-day climate, snow coverage increases with altitude for altitudes greater than 2500 m. All future climate experiments project a reduction of snow coverage at all altitudes where snow coverage exists in the present-day climate. The magnitude of this reduction is directly tied to the warmth of the future climate, with greater reductions for warmer climates. A reduction of snow coverage means an increase in snow-free area, which in turn causes a reduction in surface albedo. A reduction in surface albedo means an increase in the absorption of solar radiation at the surface, so that the surface becomes warmer and heats the atmosphere above.
As noted above, the projected future increases in summertime precipitation at high altitudes may be explained by concurrent increases in local evaporation from the underlying surface. These increases in local evaporation may be due to the positive snow/ ice albedo feedback as well as increases in air temperature. Changes in the summertime WFC that might result from changes in the atmospheric circulation (e.g., the Asian summer monsoon) appear to have little impact on the projected future increases in precipitation at high altitudes. It is di‰cult to distinguish between the contribution of positive snow/ice albedo feedback to the increases in surface evaporation and that of atmospheric warming. Figure 9 shows the elevation dependency of the ratio of surface evaporation in future climate to surface evaporation in the present-day climate. This ratio clearly increases with altitude at altitudes above 3500 m, where snow coverage decreases in the future climate. Both of these changes are statistically significant at the 99% level. At lower altitudes, the changes in the ratio are approximately constant with altitude. This figure shows that projected increases in surface evaporation at high altitudes are related to reductions in snow cover in the future climate.
Summary and concluding remarks
This study has investigated projected future changes in the elevation dependency of summertime precipitation over the Tibetan Plateau and surrounding regions using time-slice ensemble experiments with a 60-km-mesh AGCM. Four di¤erent lower-boundary conditions have been specified based on the WCRP/CMIP3 multi-model mean and individual WCRP/CMIP3 model projections. The future climate simulations project increases in precipitation at high (above 4000 m) and low (1500 m or less) altitudes. These increases in precipitation are more prominent when the amplitude of the warming in the prescribed SST input to the AGCM is greater. Analysis of the elevation dependency of the atmospheric water budget indicates that future increases in precipitation at high altitudes are driven mainly by future increases in local evaporation from the underlying surface. These increases in surface evaporation are accompanied by increases in surface air temperature and snowfree area at high altitudes, indicating that the snow/ice albedo feedback process is a key component of possible future climate change at high altitudes over the Tibetan Plateau and surrounding regions.
The simulation results suggest that summertime precipitation over the Tibetan Plateau will increase under global warming. These areas of enhanced precipitation are likely to impact on the hydrology of river basins with headwaters on and nearby the Tibetan Plateau. Immerzeel et al. (2010) showed that increases in the supply of meltwater to large rivers in the Asian monsoon region under the present-day climate, as well as a reduction of river discharge due to climate change. They concluded that these changes threaten water availability and food security in some river basins in the Asian monsoon region. Additional studies are needed to quantify the e¤ects of climate change on river hydrology. The prescribed land cover and its spatial distribution were held constant in the AGCM used in this study. Climate change may cause substantial changes in the land cover distribution. Previous studies have highlighted substantial land-cover changes on the Tibetan Plateau during the latter half of the twentieth century, especially in the southeastern portion of the plateau, and have noted that these land cover changes were caused by both natural climate change and human activity (Cui et al. 2007; Cui and Graf 2009) . During the period, the land cover in the southeastern portion of the Tibetan Plateau was converted from forest to cultivated land. Cui et al. (2007) demonstrated that this deforestation led to a decrease in transpiration and an increase in summertime precipitation in the deforested area, as well as a wetter and warmer climate on the Tibetan Plateau during summer. They also reported changes in river flow. A wetter climate on the plateau during summer may produce more runo¤ into rivers with headwater regions located on the plateau, potentially increasing the frequency of flood disasters. Cheng and Wu (2007) found increases in the lower altitudinal limit of permafrost in recent decades. These land cover and ground conditions would be influenced by climate change; however, the AGCM used for the timeslice ensemble experiments in this study does not account for processes related to land cover change. Further investigation is needed to identify the influences of land cover changes on climate change at (HF0A_csiro) lines. An open circle indicates that the simulated future change is statistically significant at the 99% level and a filled circle indicates that it is significant at the 95% level. Fig. 8 . As in Fig. 7 , but for June-August (JJA) mean snow coverage rather than JJA mean surface air temperature. Fig. 9 . As in Fig. 4 , but for June-August (JJA) mean surface evaporation rather than JJA mean precipitation.
high altitudes. Numerical models that include biogeochemical feedback processes will be a necessary component of these further investigations, and are expected in the future.
In future work, we will investigate: (1) the projected decrease of summertime precipitation along the southern slope of the Himalayan range in future climate simulations, (2) regional variations in the elevation dependency of precipitation, and (3) the nature of climate-driven land cover change over the Tibetan Plateau using BIOME4 (Kaplan et al. 2003) , a coupled biogeography and biogeochemistry model.
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